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Abstract
A lack of recombination leads to the degeneration of an evolving Y chromosome. However, it is not known whether gene
loss is largely a random process and primarily driven by the order in which mutations occur or whether certain categories of
genes are lost less quickly than others; the latter would imply that selection counteracts the degeneration of Y chromosomes
to some extent. In this study, we investigate the relationship between putative ancestral expression levels of neo-Y–linked
genes in Drosophila miranda and their rates of degeneration. We use RNA-Seq data from its close relative Drosophila
pseudoobscura to show that genes that have become nonfunctional on the D. miranda neo-Y had, on average, lower
ancestral transcript levels and were expressed in fewer tissues compared with genes with intact reading frames. We also
show that genes with male-biased expression are retained for longer on the neo-Y compared with female-biased genes. Our
results imply that gene loss on the neo-Y is not a purely random, mutation-driven process. Instead, selection is—at least to
some extent—preserving the function of genes that are more costly to lose, despite the strongly reduced efﬁcacy of selection
on the neo-Y chromosome.
Key words: sex chromosomes, evolution, Drosophila pseudoobscura, sex-biased gene expression, tissue speciﬁcity,
degeneration.
Introduction
After recombination becomes suppressed between a pair of
proto-sex chromosomes, the Y undergoes a process of de-
generation and loses most of its functional genes, due to
a reduced efﬁcacy of natural selection in a nonrecombining
genomic region. This results in small and gene-poor Y chro-
mosomes,suchasthehumanorDrosophilaY(Charlesworth
B and Charlesworth D 2000; Skaletsky et al. 2003; Carvalho
et al. 2009). In the initial stages of sex chromosome evolu-
tion, there exists a gene dosage problem for genes that are
lost on the Y because males only produce functional gene
products from their X-linked copies. In the long run, mech-
anisms of dosage compensation have evolved in a range of
taxa to equalize expression levels between the X and auto-
somes (Bull 1983; Charlesworth 1996). However, in the ini-
tial phases of Y degeneration, losing Y-linked genes is likely
to be costly, and reduced gene dose might be more delete-
rious for certain classes of sex-linked genes compared with
others. However, with a strongly reduced effective popula-
tion size of an evolving Y chromosome (Felsenstein 1974;
Charlesworth et al. 2009; Kaiser and Charlesworth 2010),
itisunclearwhetherselectionisefﬁcientlydiscriminatingbe-
tween genes that are more or less costly to lose. Instead, the
order of gene loss on the Y could mostly be a random pro-
cess,dependingprimarilyonwhichgeneshappentomutate
ﬁrst (Bachtrog 2006).
There are reasons to assume that ancestral gene expres-
sion levels may be a crucial factor inﬂuencing the rate of
gene loss on a degenerating Y chromosome. In particular,
genes expressed at low levels or genes with female-speciﬁc
function may be lost more quickly. First, the loss of genes
expressed at high levels could be associated with an in-
creased metabolic cost. Indeed, highly expressed genes
are retained more often after whole-genome duplications
in organisms such as Paramecium (Gout et al. 2010) and
yeast (Seoighe and Wolfe 1999), whereas genes with low
expression are lost more easily (Gout et al. 2010). Second,
the few genes remaining on old Y chromosomes tend to be
male speciﬁc in function, expressed predominantly in testis,
and are often recruited secondarily onto the Y (Skaletsky
et al. 2003; Carvalho et al. 2009). Conversely, because fe-
males never inherit a Y chromosome, genes with female
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GBEfunction should, in the long run, be lost from the Y without
any ﬁtness consequences. However, we do not know
whether this process is simply part of the overall gene loss
(i.e., whether female-biased genes are degenerating at the
samerateasrandomgenes)orwhetherlossoffemalegenes
is actively selected for. If selection is a substantial force, we
expect genes that are beneﬁcial for females—and either
detrimental or neutral to males—to be among the ﬁrst to
be eliminated from an evolving Y chromosome.
The Drosophila miranda neo-sex chromosomes are an
ideal system to study these questions (Steinemann M and
Steinemann S 1998; Yi and Charlesworth 2000; Bachtrog
and Charlesworth 2002). The neo-Y chromosome arose
when an autosomal chromosome arm (Muller C) became
fused to the existing Y, leading to a chromosome-wide loss
of recombination. Over a timescale of only about 1.5 myr
(Bachtrog and Charlesworth 2002; Bartolome ´ and
Charlesworth2006),theneo-Yhaslostfunctionatnearlyhalf
ofthegenesthatitoriginallycontained(Bachtrogetal.2008).
This chromosomal fusion is absent from D. pseudoobscura,
the sister species of D. miranda (Dobzhansky 1935). Thus,
homologues of genes that are neo-sex linked in D. miranda
are autosomal in D. pseudoobscura, and, as demonstrated
below, expression levels of genes on the Muller C element
in D. pseudoobscura can be used as a close proxy for esti-
mates of ancestral expression levels of neo-Y–linked genes.
Here, we make use of D. pseudoobscura RNA-Seq data to
investigate whether gene loss from the neo-Y chromosome of
D. miranda is a nonrandom process. We show that certain
gene classes are being retained preferentially on this degen-
erating Y chromosome, including homologues of genes that
show high ancestral transcript abundances, broadly expressed
genes, as well as genes with male-biased expression.
Materials and Methods
RNA-Seq Data
We dissected testes, accessory glands, and ovaries from
about 100 virgin males and females of D. pseudoobscura
and D. miranda in phosphate-buffered saline solution under
the microscope.Atleast10 lgtotal RNAwere preparedfrom
these tissues as well as from whole ﬂies or gonadectomized
male and female ﬂies using the RNAeasy (Qiagen Inc.) Kit.
Messenger RNA (mRNA) paired-end libraries were prepared
for all tissues except for D. miranda ovaries, for which a sin-
gle-endlibrarywasprepared;sequencingwasdonefollowing
the Illumina protocol. Additionally, RNA-Seq data from D.
pseudoobscura male and female head were downloaded
from National Center for Biotechnology Information (NCBI)’s
sequence read archive (accession numbers SRX016182 and
SRX016183; Malone JH and Oliver B, unpublished data).
Transcript abundance levels were calculated using the
TophatandCufﬂinksprograms(Trapnelletal.2009;Trapnell
et al. 2010): Tophat was used to map the D. pseudoobscura
reads against the D. pseudoobscura NCBI gene annotation
ﬁle ‘‘dpse-all-r2.12.gff’’ (available at www.ﬂybase.org), and
based on this mapping, transcript abundances were calcu-
lated using cufﬂinks. Similarly, the D. miranda reads were
mapped against the genome assembly of D. miranda (Zhou
and Bachtrog, forthcoming). The cufﬂinks ‘‘genes.expr’’
output ﬁles containing the D. pseudoobscura or D. miranda
gene IDs, genomic locations, and transcript abundances
(measured as the number of fragments per kilobase of exon
per million fragments mapped [FPKM]; Trapnell et al. 2010)
were used in the analyses.
To conﬁrm that D. pseudoobscura transcript abundance
levels can be used as a proxy for ancestral neo-Yexpression
levels, we calculated the Pearson’s product–moment corre-
lation, r, between FPKM values of homologous autosomal
genes in D. pseudoobscura and D. miranda.
Comparing Transcript Abundance Levels among Neo-Y
Functional and Nonfunctional Genes
Theneo-Ycontains1,805putativefunctionaland1,374non-
functional genes, the latter of which include genes that were
eitherdeleted from the neo-Yorcontain internal stop codons
and/orframeshiftmutations(Zhouetal.,inpreparation).RNA
transcripts of D. pseudoobscura were classiﬁed into three
groups based on the location and state of degeneration of
their D. miranda homologues: 1) all transcripts expressed
in a given tissue, 2) transcripts with functional, or 3) tran-
scripts with nonfunctional neo-Y–linked homologues (Zhou
et al., in preparation). Median FPKM values were calculated
for all D. pseudoobscura genes expressed in a given tissue,
and these ‘‘ancestral’’ transcript abundance levels were com-
pared between genes that are still functional on the neo-Y
and those that have been lost, with the Wilcoxon test using
R( www.r-project.org).
Tissue Speciﬁcity
To test whether tissue speciﬁcity had an impact on a gene’s
probability of being lost or retained on the neo-Y, we calcu-
lated s for each gene (Yanai et al. 2005):
s5
P N
i 51
ð1  
xi
xmax Þ
N   1
;
where N is the number of tissues investigated (i.e., seven in
this study, treating ‘‘gonadectomized carcass’’ as a single tis-
sue),xiisagene’sFPKMvalueintheithtissue,andxmaxisthe
gene’s maximum level of expression in any of the tissues in-
vestigated. Genes with s values equal to or larger than 0.9
wereclassiﬁedas‘‘tissuespeciﬁc,’’andthechanceofdegen-
eration on the neo-Y was compared between genes prefer-
entially expressed in testis, accessory gland, and ovary; the
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studied for each tissue separately.
Sex-Biased Genes
Based on the data in the supplementarytableS1(Supplemen-
tary Material online) of Jiang and Machado (2009),w ec a t e -
gorized genes as being male or female biased in D.
pseudoobscuraiftheirexpressionlevelsdifferedatleast2-fold
in the two sexes, and q, the measure of statistical signiﬁcance
of this difference, was less than 10
 3. We tested whether
male- and female-biased genes were lost from the neo-Y
chromosome at a similar rate and whether transcript abun-
dance levels differed between functional and nonfunctional
neo-Yhomologuesthatwerecategorizedasbeingsexbiased.
Functional Analysis
Patterns of gene loss that are seemingly caused by differen-
ces in transcript abundance levels might be confounded by
transcript abundances differing systematically between
functionalgenecategories.Toexcludethispossibility,weex-
tractedallgenesthatfellintogeneontology(GO) categories
overrepresented among either functional or nonfunctional
genes, respectively. Transcript abundance levels were calcu-
lated for all D. pseudoobscura samples separately within the
two groups of GO categories, and FPKM values between
homologues of functional versus nonfunctional genes were
compared.
Gene Connectivity
We made use of the data at the Drosophila Interactions Da-
tabase (Yuetal. 2008)tocalculate thenumberofannotated
protein interaction partners for each Drosophila mela-
nogaster gene and extracted all genes with a D. miranda
neo-Y–linked homologue, using the ﬁle ‘‘gene_
orthologs_fb_2010_07-1’’ at www.ﬂybase.org. The median
number of interaction partners was compared between D.
melanogaster homologues with functional versus nonfunc-
tional homologues using a Wilcoxon sign ranked test in R.
Probit Regression
To disentangle the effects of gene expression levels and
other factors that may inﬂuence gene loss on the neo-Y
chromosome,weusedprobitregressiontomodelthebinary
outcomevariable ‘‘genefunctionality,’’whichcould takethe
values ‘‘0’’ (for nonfunctional genes) or ‘‘1’’ (functional
genes). As predictor variables, we used D. pseudoobscura
transcript abundance levels in the seven tissues and
whole-body samples examined, the breadth of gene expres-
sion, gene connectivity, and the factor ‘‘sex bias’’ (which
could take three levels: unbiased, male-biased, or female-
biased genes). The Wald test was used in R to test for
the signiﬁcance of the respective predictor variables when
gene expression levels were also part of the model.
Rates of Evolution
To test whether selective constraints on the coding sequen-
ces differed among neo-Y–linked genes at the time of sex
chromosome formation in a systematic manner, we com-
pared the ‘‘ancestral’’ rate of sequence evolution between
genes that are still functional versus those that have already
become pseudogenized on the neo-Y. For this analysis, we
removed frameshift mutations and premature stop codons
fromthecodingsequenceofdegenerateneo-Ygenes;next,
the coding sequences of neo-sex–linked genes were aligned
with homologous sequences of D. pseudoobscura and D.
melanogaster using TranslatorX (Abascal et al. 2010). This
program aligns divergent nucleotide sequences based on
the corresponding protein alignment; hence, it maintains
a codon structure, even if gaps are present in one or several
of the sequences.
Because the neo-sex chromosome formation occurred
only shortly after the split between D. miranda and D. pseu-
doobscura and we needed to exclude any sequences from
the analysis with zero synonymous divergences, we expect
little power to compare the rate of evolution between dif-
ferent classes of neo-Y–linked genes on this short branch
(from the common ancestor of D. miranda and D. pseu-
doobscura tothe split ofthe neo-X and neo-Ychromosome;
branch 1 in ﬁg. 1). Hence, we estimated the rate of evolu-
tion along the branch leading to the neo-sex chromosome
formation after the split with D. pseudoobscura, as well as
the D. pseudoobscura branch itself (branches labeled ‘‘1’’
and ‘‘2’’ in ﬁg. 1). dN/dS, the ratio of the number of non-
synonymous substitutions per nonsynonymous site to the
number of synonymous substitutions per synonymous site,
was compared between homologues/ancestral branches of
nonfunctional versus functional neo-Y–linked genes.
FIG.1 . —A phylogenetic tree showing the relationship between
the neo-sex chromosomes in Drosophila miranda and autosomal genes
in D. pseudoobscura and D. melanogaster. The two branches used to
calculate the rate of sequence evolution are labeled as ‘‘1’’ and ‘‘2.’’
Branch lengths are not drawn to scale.
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Expression Levels Matter
To test ifnatural selection isinﬂuencing the dynamics ofgene
loss on the neo-Y chromosome, we obtained RNA-Seq data
from D. pseudoobscura genes expressed in male and female
whole body, as well as genes expressed in seven different D.
pseudoobscura tissues (supplementary table S1, Supplemen-
tary Material online, GenBank submission number
SRP009072). To quantify transcript abundance, we used
the FPKM statistics (Trapnell et al. 2010). We found that in
each sample investigated, the median FPKM value of tran-
scripts with a functional homologue on the neo-Y was signif-
icantlyhighercomparedwithgenes with a degenerate neo-Y
homologue (ﬁg. 2). These results strongly suggest that highly
expressed genes are retained on a degenerating Y chromo-
some for longer, on average, compared with lowly expressed
genes.
This nonrandomness of gene loss on the neo-Y chromo-
some indicates that purifying selection is operating on the
neo-Y chromosome and discriminating between different
categories of genes. Levels of gene expression, however,
correlate with several other known features inﬂuencing ge-
nome evolution. To determine the importance of gene ex-
pression levels in preserving neo-Y genes, we explored if
other factors were contributing to this pattern, including
gene function, breadth of expression, or protein connectiv-
ity. To this end, we either compared transcript abundance of
D. pseudoobscura genes with functional versus nonfunc-
tional neo-Y homologues or compared the ‘‘proportion’’
of nonfunctional genes among different gene categories.
GO Categories
One confoundingvariable that could inﬂuence rates ofgene
loss on the neo-Y is gene function: If genes that belong to
different functional categories differ systematically in their
levels of expression and if certain GO categories are lost
or retained more often on the neo-Y chromosome, gene
functionality, rather than gene expression levels, might have
caused the pattern of nonrandom gene loss that we ob-
serve. Interestingly, our results remained unchanged when
we considered only genes belonging to GO categories that
were overrepresented either among degenerate or putative
functional neo-Y genes (24 and 35 GO categories, respec-
tively; supplementary table S2, Supplementary Material on-
line). For both sets of GO categories, the transcript
abundances of D. pseudoobscura homologues differed sig-
niﬁcantly in each of the samples, with homologues of func-
tional genes consistently showing higher transcript
abundances compared with homologues of nonfunctional
genes (table 1). Because gene loss correlates with transcript
abundance also within GO categories, we can exclude the
possibility that differential gene loss is only driven by gene
function.
Selection on Sex Tissue–Speciﬁc Genes
The neo-Y chromosome is never passed through females,
and we expect genes that are expressed predominantly in
male or female sex tissues to be under distinct selective re-
gimes. For example, because ovary-speciﬁc genes are never
expressed in males, gene expression levels should have no
impact on their degeneration on the neo-Y. Conversely, if
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FIG.2 . —Transcript abundance (FPKM) of Drosophila pseudoobscura genes with functional and nonfunctional neo-Y–linked homologues. The P
value indicates the signiﬁcance of the Wilcoxon test, comparing median FPKM levels between the two gene categories; the criterion for tissue speciﬁcity
is a s value of at least 0.9.
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with a high ﬁtness cost, we expect those genes to be pref-
erentially retained on the neo-Y.
Our analyses revealed that genes expressed predomi-
nantly in testis and accessory glands showed very high ab-
solutetranscript abundancelevelsin thosetissues compared
with nonspeciﬁc genes (supplementary table S1, Supple-
mentary Material online). However, even among these male
sex tissue–speciﬁc genes, transcripts with functional homo-
logues were found at higher levels compared with those
with nonfunctional homologues (ﬁg. 2). Although median
FPKM values differ about 2-fold for accessory gland–speciﬁc
functional and nonfunctional genes, this difference is not
signiﬁcant—possibly due to the small number of genes in
this category—and hence reduced power to detect signiﬁ-
cant differences (see supplementary table S1, Supplemen-
tary Material online). Ovary-speciﬁc genes, on the other
hand, did not show this trend, that is, FPKM values did
not differ between genes with functional versus nonfunc-
tional neo-Y homologues (ﬁg. 2). This is expected because
selection should not act on ovary-speciﬁc (female limited)
neo-Y–linked genes. However, we note that the proportion
of degenerate genes did not differ between ovary-speciﬁc
and male sex tissue–speciﬁc genes, that is, genes in these
categories are lost at similar rates (chi-square test;
v
2 5 1.12, P , 0.6, degrees of freedom [df] 5 5).
Sex-Biased Genes
Similar to genes expressed predominantly in sex tissues,
genes that are sex biased in expression may also be under
different selective pressures on the neo-Y chromosome. In
particular, sexually antagonistic genes (i.e., genes that are
beneﬁcial to one sex and detrimental to the other; Rice
1984; Innocenti and Morrow 2010) are of interest because
we may expect an active removal of female-beneﬁcial/
male-detrimental genes from the neo-Y if selection is an im-
portant force. We classiﬁed genes as either male or female
biased based on gene expression data from four different
D. pseudoobscura isofemale lines (Jiang and Machado
2009). Overall, female-biased genes on Muller C showed
lower ancestral transcript abundance levels in females com-
pared with male-biased genes in males (table 2; Wilcoxon
test: W 5 132,918, P , 10
 15), and female-biased genes
have become nonfunctional at a higher rate compared with
male-biased genes (42% vs. 34%; chi-square test with Yate’s
correction; v
25 5.24,P , 0.03,df5 1;table2).Importantly,
the ﬁt of a probit regression model is signiﬁcantly increased
when the factor sex bias is included to predict the outcome
variable gene functionality (table 3), suggesting that the dif-
ferential loss of female- and male-biased genes is not merely
caused bya systematicdifferenceintranscript levels between
these gene categories. If we control for transcript abundance
levels by holding the FPKM values at their median values, the
probit model predicts the proportion of degenerate genes to
be50%,39%,and37%forfemale-biased,male-biased,and
unbiased genes, respectively. This indicates that the neo-Y
has become ‘‘defeminized,’’ mainly as a result of reduced pu-
rifying selection to prevent the degeneration of female-
biased genes compared with selection on male-biased and
unbiased genes (or because female genes have been actively
removed). On the other hand, purifying selection on male-
biased genes only appears to be stronger than selection
on unbiased genes when transcript abundance levels are
not taken into account, suggesting that preferential conser-
vation of male-biased genes on the neo-Y is mainly a conse-
quence of their higher expression levels in males (table 2).
Table 1
Median Transcript Abundance Levels (FPKM) of Drosophila pseudoobscura Genes in the 24 GO Categories Overrepresented among Nonfunctional
Neo-Y–Linked Genes (Top Part) and of Genes in the 35 GO Categories Overrepresented among Functional Genes (Bottom Part)
Male
Whole
Body
Female
Whole
Body Ovary Testis
Accessory
Gland
Male
Head
Female
Head
Male
Carcass
Female
Carcass
GO overrepresentation
nonfunctional
Transcripts with functional
neo-Y homologues (N 5 315)
25.5 20.0 12.8 9.2 6.4 6.5 6.9 9.5 10.2
Transcripts with nonfunctional
neo-Y homologues (N 5 307)
12.2 11.0 1.2 4.7 3.2 2.7 3.3 5.8 5.8
P ,10
 5 ,10
 4 ,10
 3 ,10
 2 ,10
 3 ,10
 6 ,10
 4 ,10
 3 ,10
 2
GO overrepresentation functional
Transcripts with functional
neo-Y homologues (N 5 663)
22.4 17.3 21.9 11.2 7.2 5.9 6.1 7.5 7.8
Transcripts with nonfunctional
neo-Y homologues (N 5 482)
14.3 11.8 8.8 7.3 4.6 3.1 3.6 5.3 5.3
P ,10
 6 ,10
 4 ,10
 7 ,10
 2 ,10
 3 ,10
 4 ,10
 3 ,0.02 ,0.06
NOTE.—The P value indicates the statistical signiﬁcance of the Wilcoxon test, comparing FPKM values between functional and nonfunctional homologues.
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showed higher ancestral transcript abundances compared
with those with nonfunctional homologues (table 2). How-
ever,highlyexpressedfemale-biasedgenesarealsoexpressed
at a higher level in males compared with lowly expressed
female-biased genes (Pearson’s correlation comparing tran-
script abundance of female-biased genes in female whole
body with transcript abundance of female-biased genes in
male whole body 5 0.82, P , 10
 15). This implies that at
least some (highly expressed) female-biased genes also have
important function in males and are thus actively maintained
on theneo-Yand that notall sex-biasedgenesare necessarily
sexually antagonistic (Innocenti and Morrow 2010).
Gene Connectivity
Genes with a higher number of interaction partners cause
a greater ﬁtness reduction in yeast knockout experiments
(Papp et al. 2003), possibly because the number of epistatic
interactionsandthuspossibledeleteriouseffectsofmutations
increases with a gene’s connectivity (Papp et al. 2003; Qian
and Zhang 2008). In line with this, we found that functional
genes on the neo-Y chromosome of D. miranda have, on av-
erage, a higher number of interaction partners compared
with genes that have lost their function (mean of 32 vs.
26 partners, based on gene interactions measured in D. mel-
anogaster; Yu et al. 2008) (Wilcoxon test, W 5 2,144,931, P
value , 2.2   10
 16). However, highly connected genes also
tend to be highly expressed (Pearson’s correlation coefﬁcients
of the number of interaction partners with transcript abun-
dance in male and female whole body were 0.25 and
0.27, respectively; P , 10
 15 in both comparisons). Including
the number of interaction partners into the probit regression
model does not signiﬁcantly improve its ﬁt to the data (table
3), suggesting that transcript abundance and connectivity
cannotbe treatedas independentfactors inﬂuencing the rate
of gene loss on the neo-Y chromosome. Instead, the inﬂu-
ence of gene connectivity on the fate of neo-Y–linked genes
can mainly be explained by its effect on gene expression
levels.
Breadth of Gene Expression
Classifyingallneo-Ygenesbasedonthenumberoftissuesin
which their D. pseudoobscura homologues were expressed,
the proportion of degenerate genes was always about
35–40% (supplementary table S3, Supplementary Material
online; chi-square test, NS, df 5 6); this result alone would
suggest that the breadth of gene expression does not have
a strong impact on gene degeneration on the neo-Y. How-
ever, including breadth of gene expression into the regres-
sion model signiﬁcantly increases its ﬁt (table 3)—possibly
because expression breadth is only moderately correlated
with transcript levels (supplementary table S4, Supplemen-
tary Material online). If we control for transcript abundance
levels by holding FPKM levels at their median values, the pre-
dicted proportion of functional neo-Y genes increases mono-
tonically with gene expression breadth (ﬁg. 3). Figure 3 is
based on a probit model using only whole-body male and
female expression and expression breadth as predictor
Table 2
Median Transcript Abundance Levels (FPKM) of Sex-Biased Genes in Drosophila pseudoobscura, Classiﬁed by the State of Degeneration of Their
D. miranda Neo-Y–Linked Homologues
Female-Biased Genes in
Female Whole Body (N)
Male-Biased Genes in
Male Whole Body (N)
All Muller C transcripts 13.0 (393) 68.3 (410)
Transcripts with functional
neo-Y homologues
14.2 (226) 75.4 (269)
Transcripts with nonfunctional
neo-Y homologues
10.6 (167) 55.7 (141)
P ,10
 3 ,0.05
Proportion nonfunctional 0.42 0.34
NOTE.—The P value indicates the signiﬁcance of the Wilcoxon test, comparing FPKM values between transcripts with functional versus nonfunctional homologues in D. miranda.
Table 3
Fitting a Probit Regression Model to Predict the Outcome Variable ‘‘Gene Functionality’’
Predictor Variables v
2 df P Wald test
Transcript levels þ sex bias 53.3 11 ,10
 7 v
2 5 8.4, df 5 2, P , 0.02
Transcript levels þ number of interaction partners 72.3 10 ,10
 11 v
2 5 3.0, df 5 1, P , 0.1
Transcript levels þ number of tissues expressed 177.5 10 ,10
 32 v
2 5 47.4, df 5 1, P , 10
 11
NOTE.—The ﬁrst four columns show the combination of parameters tested and the signiﬁcance of the respective models. The Wald test shows the signiﬁcance of the predictor
variables ‘‘sex bias,’’ ‘‘number of interaction partners,’’ and ‘‘number of tissues expressed,’’ respectively, given that transcript levels in all seven tissues and the whole-body samples are
part of the model.
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Rate of Sequence Evolution
To test for differences in the efﬁcacy of purifying selection on
the coding sequences of neo-Y genes, we calculated the an-
cestral rate of constraint, given by dN/dS, for neo-sex–linked
genes that have known homologues in both D. pseudoobs-
cura and D. melanogaster. We found that dN/dS values did
not differ signiﬁcantly between neo-Y genes that are still
functional compared with those that have become pseudo-
genized. For the branch that is ancestral to the neo-sex chro-
mosome formation (branch 1 in ﬁg. 1), median dN/dS values
were 0.06 for functional neo-Y genes (N 5 2 5 6 )a n d0 . 0 7f o r
nonfunctional genes (N 5 166) (two-sample Kolmogorov–
Smirnov test; D 5 0.0976; not signiﬁcant [NS]). Similarly, con-
sidering both this ancestral D. miranda branch as well as the
branch leading to D. pseudoobscura (branch ‘‘2’’ in ﬁg. 1),
the number of functional and nonfunctional neo-Y genes with
at least one synonymous substitution increased to 426 and
264, respectively, but median dN/dS values did not differ
signiﬁcantly between the two groups (0.10 for functional
genes and 0.12 for nonfunctional genes; two-sample
Kolmogorov–Smirnov test; D 5 0.0929, NS). Furthermore,
adding the factor ‘‘dN/dS’’ to the probit model does not in-
crease its ﬁt to the data, given that transcript levels are already
part of the model (Wald test; v
2 5 2.9, df 5 1, NS). This sug-
gests that constraint on the coding sequence, as captured by
dN/dS, has not played as large a role in preventing neo-Y gene
degeneration relative to other factors that we discussed. Inter-
estingly, a recent study of de novo Y chromosome evolution in
Silene latifolia (Chibalina and Filatov 2011) found a negative
correlation between the constraint on the coding sequence
and X–Y divergence, consideringputative functional (i.e., tran-
scribed) Y-linked genes only. Furthermore, in contrast to earlier
studies that found a negative correlation between the rate of
proteinevolution and mRNAabundance(Lemoset al.2005)o r
gene connectivity (Fraser et al. 2002)i nD r o s o p h i l aa n dy e a s t ,
respectively, there was no signiﬁcant correlation when dN/dS
along branches 1 and 2 was compared with either male or
female whole-body transcript abundance (Pearson’s correla-
tion coefﬁcient 5  0.01 [NS] in both cases) or the number
of interaction partners in D. melanogaster (Pearson’s correla-
tion coefﬁcient 5  0.04, NS).
Ancestral Gene Expression Patterns
Our study assumes that transcript abundance in D. pseu-
doobscura can be used as a proxy for the ancestral mRNA
levels of neo-sex chromosome–linked genes in D. miranda.
Indeed, we ﬁnd a strong correlation between FPKM values
of autosomal genes in the two species (table 4) in all tissues
examined. Assuming that both species have diverged in ex-
pression since their common ancestor, the correlation be-
tween ancestral neo-Y and current transcript levels in D.
pseudoobscura is expected to be even higher. Importantly,
our results are conservative with respect to any expression di-
vergence between the two species, which would mask any
effects of transcript levels on neo-Y degeneration.
Discussion
Wehaveshownthatdegenerationontheneo-Yisnotasim-
ple, mutation-driven process. Instead, purifying selection is
acting to prevent the loss of genes that are more costly to
lose, including genes with male function, broadly expressed
genes,andgenesthatarehighlyexpressed.Incontrast,neo-
Ygenesappeartodegeneraterandomlywithrespecttopro-
tein constraint, as measured by rates of protein evolution
(dN/dS).
There might be a direct cost associated with losing highly
expressed genes because the reduction in gene product is
greater for such genes. For example, experiments in yeast
have shown that the ﬁtness reduction caused by a heterozy-
gous knockout mutation is higher if the deleted gene is nor-
mally highly expressed (Gout et al. 2010). On the neo-sex
chromosome, the evolution of dosage compensation (i.e.,
balancing the X to autosome expression ratio in males) adds
an additional layer of complexity to this issue. Dosage com-
pensation in D. melanogaster is mediated by the male-
FIG.3 . —The predicted proportion of functional neo-Y genes
under a probit regression model, accounting for transcript abundance
in male and female whole body.
Table 4
Pearson’s Product–Moment Correlation, r, between the Transcript
Abundance of Homologous Autosomal Genes in Drosophila miranda
and D. pseudoobscura
Tissue rP
Male body 0.74 ,10
 15
Female body 0.52 ,10
 15
Ovary 0.82 ,10
 15
Testis 0.83 ,10
 15
Accessory gland 0.76 ,10
 15
Female carcass 0.71 ,10
 15
Male carcass 0.77 ,10
 15
Nonrandom Gene Loss GBE
Genome Biol. Evol. 3:1329–1337. doi:10.1093/gbe/evr103 Advance Access publication October 10, 2011 1335speciﬁc lethal (MSL) complex. The MSL complex binds to
high-afﬁnity chromatin entry sites on the single X chromo-
some in males, spreads in cis, and leads to the upregulation
of X-linked genes through enhanced transcriptional elonga-
tion(Larschanetal.2011;StraubandBecker2011).The neo-
Xo fD. miranda has been shown to have evolved partial dos-
age compensation (Bone and Kuroda 1996), but we know
littleabouttheextentofthisupregulation,orwhichindividual
genes on the neo-X chromosome are dosage compensated.
About 80% of the 58 gene pairs investigated by Bachtrog
(2006) were expressed at lower levels from the neo-Y com-
pared with the neo-X, which may be due to either dosage
compensation of neo-X genes or downregulation of neo-
Y–linked genes. Eight genes in that study were expressed
more highly from the neo-Y compared with the neo-X, sug-
gestingthatdosagecompensationdoesnotactchromosome
wide on the neo-X and possibly depends on the state of de-
generationoftheneo-Y–linkedgenes.Also,becausethedos-
age compensation machinery in Drosophila spreads in cis
along the X chromosome from the chromatin entry sites,
some genes may be upregulated on the neo-X even though
their homologues are still functional on the neo-Y. Accord-
ingly, one might expect to see a selective advantage in shut-
ting down neo-Y–linked genesthat are dosagecompensated
ontheneo-Xandthusexpressedattoohighlevelsinmales.It
will be interesting to link patterns of Y degeneration to dos-
age compensation of neo-X–linked genes and to test, for ex-
ample, if the upregulation of neo-X–linked genes in males is
harder to achieve if the corresponding homologue is highly
expressed in D. pseudoobscura or if dosage-compensated
genes are becoming downregulated from the neo-Y.
We show that female-biased genes, but not ovary-speciﬁc
genes, are lost at an increased rate from the neo-Y (supple-
mentarytableS1,SupplementaryMaterialonline).Thisobser-
vation is puzzling, given that ovary-speciﬁc genes are, by
deﬁnition, not expressed in males, and hence we do not
expect any purifying selection acting on these genes. One
explanation for this might be that our transcript data are
allbasedontissuesofadultﬂies,andwemighthaveclassiﬁed
some genes as ovary speciﬁc even though they have impor-
tantfunctioninothertissuesatearlierlifestages.Additionally,
the number of genes classiﬁed as ovary speciﬁc in our study
may be too low to detect any increasedrate of gene loss. In
D. melanogaster, genes expressed in ovary do not show
increased levels of sexual antagonism compared with genes
expressed in other sex tissues (Innocenti and Morrow 2010).
Thus, selection may not actively remove ovary-speciﬁc genes
from the neo-Y. In contrast, a larger fraction of genes classi-
ﬁedas female biasedmighthave sexually antagonisticeffects
in males, contributing to their faster rate of loss relative to
ovary-speciﬁc genes.
Our data are consistent with the idea that, in the early
stages of Y chromosome evolution, differential purifying se-
lection on sex-biased genes may lead to a gradual ‘‘defem-
inization’’ or ‘‘masculinization’’ of the neo-Y chromosome;
this process may occur at the same time or precede the
active recruitment of male-beneﬁcial genes onto the Y,
w h i c hw o u l dl e a dt of u r t h e rs p e c ialization in male function
(Carvalho et al. 2009). The ultimate fate of the neo-Y chro-
mosome is likely to further lose most of its current genes and
tomaintainonlyafewgenesthataremalespeciﬁcinfunction
and/or highly expressed, as observed for the human or D.
melanogaster Yc h r o m o s o m e( Skaletsky et al. 2003).
Supplementary Material
Supplementarytables S1–S4are available atGenomeBiology
and Evolution online (http://www.gbe.oxfordjournals.org/).
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